Myelin oligodendrocyte glycoprotein is a protein exclusively expressed on the surface of oligodendrocytes and myelin in the central nervous system. Antibodies against myelin oligodendrocyte glycoprotein were initially detected in children with demyelinating syndromes, and more recently reported in a broad spectrum of central nervous system demyelinating diseases in adults, including neuromyelitis optica spectrum disorders and bilateral optic neuritis. Patients with myelin oligodendrocyte glycoprotein antibody-associated demyelination appear to have unique clinical and radiological features. To the best of our knowledge a series of Italian patients with optic neuritis and positivity to myelin oligodendrocyte glycoprotein antibodies has not yet been reported and the paper on myelin oligodendrocyte glycoprotein antibodies are more focused on clinical features, diagnosis and outcome than on the radiological appearance, so we want to retrospectively report magnetic resonance imaging features of a group of eight patients, who came to our Ophthalmologic Emergency Department for optic neuritis and were found seropositive for myelin oligodendrocyte glycoprotein antibodies, comparing our data with the findings described in the literature.
Introduction
Myelin oligodendrocyte glycoprotein (MOG) is a protein exclusively expressed on the surface of oligodendrocytes and myelin in the central nervous system, located on the outer surface of the myelin sheath.
1,2 Antibodies (Abs) against MOG were initially detected in children with demyelinating syndromes [3] [4] [5] [6] [7] [8] [9] [10] and more recently reported in a broad spectrum of central nervous system demyelinating diseases in adults: in patients with aquaporin-4 (AQP4)-Abs-negative neuromyelitis optica spectrum disorder (NMOSD), [11] [12] [13] [14] [15] [16] [17] in bilateral optic neuritis (ON), 18 in isolated ON, 19 in recurrent ON, 20 clinically isolated syndrome (CIS), 17 acute disseminated encephalomyelitis (ADEM), 16, 17 in patients with demyelinating diseases distinct from multiple sclerosis (MS) and neuromyelitis optica (NMO), 21 and in patients with clinically defined MS according to the McDonald criteria. [22] [23] [24] [25] [26] [27] It has been hypothesised that the presence of anti-MOG Abs in distinct diseases may limit the use of the MOG-Abs assay as a specific diagnostic biomarker.
Patients with MOG-Abs-associated demyelination appear to have unique clinical, radiological features and outcomes. 26 The detection of the association between MOG-Abs and demyelinating disorders in adults is recent and in the literature we can find papers describing mainly clinical features, diagnosis and prognosis of patients with this type of antibody, with brief mention of radiological appearance but, to the best of our knowledge, no one reporting groups of Italian patients presenting with ON or focused on the radiologic aspects of this disorder, so we want to retrospectively report magnetic resonance imaging (MRI) features of a group of eight patients, who came to our Ophthalmologic Emergency Department for ON and were found seropositive for MOG-Abs, comparing our data with findings described in the literature.
Material and methods
Eight patients, (six females and two males, age range: 26-40 years; mean age: 32.8 AE 5.7 years) came to our Ophthalmologic Emergency Department between February 2015-November 2016 complaining of ocular pain, worsened by eye movement (8/8), visual loss in one eye (5/8), visual field loss (3/5) diagnosed as ON (three of the left eye, four of the right eye and one recurrent bilateral ON, first left, afterwards right ON). All patients underwent ophthalmologic and neurological evaluation and no contrast computed tomography (CT) scan of brain and orbits on their admission, and MRI of brain, cervical spine and orbits in a time from 2-20 days after the onset of symptoms (mean days: 5.7 AE 5.4). MRI of thoracolumbar spine was executed depending on the symptoms (1/8).
CT scans were executed on Somatom Definition Flash (Siemens, Forchheim, Germany) with the following acquisition parameters: kV:120, mAs: 320, collimation: 40 Â 0.6 mm, tube rotation: 1 s; reconstruction thickness: 3 mm; reconstruction filters: H21s smooth for soft tissues and H60 sharp for bone.
All MRI examinations were executed on a 1.5 T magnet (Avanto, Siemens, Forchheim, Germany), with sequences on the brain: sagittal T1 spin echo (SE) (thickness: 5 mm), axial proton density (PD) þ T2 turbo spin echo (TSE) (thickness: 5 mm), diffusion weighted imaging with b values ¼ 0, 500, 1000 s/mm 2 (thickness: 5 mm), axial T1 SE, coronal fluid attenuated inversion recovery (FLAIR) (thickness: 5 mm), sagittal dark fluid T2 space (thickness: 1 mm, with multiplanar reformation on axial and coronal planes); on the orbits: axial T2 TSE with fat saturation (FS) (thickness: 3 mm), T2 short tau inversion recovery (STIR) space (thickness: 1 mm, with multiplanar reformation on sagittal and coronal planes); on the spine: sagittal T2 TSE (thickness: 4 mm), sagittal T1 TSE (thickness: 4 mm), sagittal T2 STIR. Gadolinium (1 ml/10 kg of gadobutrol, Gadovist, Bayer Schering Pharma) was administered to all patients intravenously, before the acquisition of: axial and coronal T1 SE FS on the orbits (thickness: 3 mm), axial T1 SE FLOW (thickness: 5 mm) and axial volumetric interpolated brain examination (VIBE) (thickness: 1 mm) on the brain, and sagittal T1 TSE FS on the spine (thickness: 4 mm).
All patients were subjected to steroid therapy intravenously within 24 h of their access to the Emergency Department (methylprednisolone 1 g/d for five days, followed by a low-dose steroid oral regimen for 15 days), so the CT was performed prior to therapy, but the MRI was always performed after the start of steroid treatment.
According to the protocol established in our Hospital in January 2014 for patients with new onset of unilateral or bilateral, severe or recurrent ON, suspected to be of demyelinating origin, patients underwent various investigations including cerebrospinal fluid analysis and the collection of serum samples for the detection of AQP4-Abs and MOG-Abs. AQP4-Abs was measured by immunofluorescence using HEK 293 cells transfected with AQP4-GFP, and anti-MOG immunoglobulin G (IgG) Abs were measured by enzyme-linked immunosorbent assay (ELISA), employing the recombinant extracellular domain of MOG as antigen, as previously described. 24 The mean optical density (OD) plus two standard deviations of 307 healthy blood donors was chosen as the normal range; serum readings higher than this value (OD ¼ 0.802) were considered positive for MOG-Abs. Samples positive for MOG-Abs were then tested against the recombinant human MGT-30 protein, as irrelevant antigen, using an ELISA assay routinely used for testing anti-titin Abs in patients affected by myasthenia gravis. 28 From January 2014-July 2016, a total of 51 patients with ON were tested for MOG-Abs and eight were found to be seropositive (15.6%). Patients positive to MOG-Abs underwent clinical follow-up for 3-12 months (mean follow-up length: 6.6 AE 3.3 months), four patients executed follow-up MRI at three months and one patient performed one follow-up MRI at three months and a second one at six months; 4/8 patients underwent a longitudinal serum sample collection at six months. Figure 6 (b)) we found lesions that can be defined as 'MS-like': hyperintense in T2, ovoid and well defined, with predilection for juxta-cortical and periventricular white matter, with the major axes perpendicular to the ventricular surface. Two out of four patients showed gadolinium enhancement of the lesions One out of eight patients showed only two lesions in the supratentorial brain (Figure 7(a) ), symmetrical, hyperintense in T2-weighted images, located in the right and left thalamus, coexisting with infratentorial lesions in the pons and medulla oblongata (Figure 7(c) ) and patchy hyperintensities of the cervical medulla.
Results

Median
The patient with double positivity for MOG and AQP4-Abs showed two lesions of the supratentorial white matter (Figure 7 (a) and (b)), patchy T2 hyperintensities in the cervical medulla and longitudinally extensive transverse myelitis extending over D3, D4 and D5.
In our group, only 1/8 patient showed significant swelling of the optic nerve on the affected side ( Figure 6(a) ).
After the resolution of the acute phase, all patients showed a complete recovery of the visual impairment with restoring of the pre-ON visual score (median visual score: 7.8). The follow up MRI of the patient in Figure 1 ( Figure 9 ) showed mild reduction of the extensively confluent T2-hyperintensity of the white matter of frontal and parietal lobes. Figures 10 and 11 show progressive reduction of the hyperintense lesions pointed out in Figure 2 with no more evidence of contrast enhancement.
Figures 12 and 13 are control MRIs at three months of the patients in Figure 6 and 7, respectively, showing stability of some lesions (Figure 12(b) and (c), Figure 13 (a) and (b)) and disappearance ( Figure  12(a) ) or reduction ( Figure 13(c) ) of others. Figure 14 , which is the control MRI of patient in Figure 8 , showed reduction of all lesions.
Longitudinal serum sample collections at six months confirmed the presence of MOG-Abs, with unchanged Abs levels.
The definitive diagnosis made by our neurologists was NMOSD with AQP4-IgG in one case and NMOSD without AQP4-IgG in 7/8 cases, according to the revised diagnostic criteria for neuromyelitis optica spectrum disorders. 29 
Discussion
The positivity to MOG-Abs has been primarily associated in adults with NMO/NMOSD, and the fact that MOG-Abs-positive patients showed differences compared with patients positive for AQP4-Abs has been highlighted by some authors: [12] [13] [14] [15] [16] Kitley et al., 12 making a comparative study between 20 patients with AQP4-Abs and patients with MOG-Abs affected by NMOSD, reported that patients with anti-MOG were significantly more likely to have ADEM-like lesions, defined as lesions in the deep grey nuclei or fluffy white matter than patients with AQP4-Abs, and the grey matter lesions were significantly more common in MOG-Abs-positive patients. Moreover, they observed that, evaluating MRI of the spine, the conus was significantly more likely to be involved in patients with MOG-Abs than in patients with AQP4-Abs. Sato et al. 13 reported that patients with MOG-Abs have distinctive radiological manifestations as compared with patients positive for AQP4-Abs: they have more optic nerve lesions than spinal cord lesions and more frequently have bilateral simultaneous ON. They also reported the presence of cerebral lesions in only six out of 16 cases, mainly represented by nonspecific white matter lesions, and the presence of spinal cord lesions in six out of 16 cases, distributed more frequently in the thoracolumbar region, while positive for AQP4-Abspatients frequently had cervical lesions.
Pro¨bstel et al. 14 found MOG-Abs in four of 48 patients with NMO/NMOSD: they described juxta-ventricular lesions in one patient and lesions in the thalamus and corpus callosum in another patient. All the four patients had longitudinally extensive transverse myelitis.
In their group of 14 patients positive for MOG-Abs, Yan et al. 15 observed brain lesions in only eight patients, five periventricular MS-like and three ADEM-like, consisting of deep grey matter and fluffy white matter lesions with enhancement, and observed spinal lesions at MRI in 14/14 patients associated with moderate cord oedema. The presence of contrast enhancement in ADEM-like lesions was interpreted as a sign of disruption of the blood-brain barrier.
Kim et al. 21 affirmed that MOG-Abs may be a disease-specific biomarker in patients with demyelinating disorders distinct from both MS and NMO. They observed 17 patients positive for MOG-Abs in a cohort of 270 adult patients with demyelinating diseases: on MRI, only 30% of the MOG group had brain abnormalities, mainly posterior reversible encephalopathy-like lesions, and none of the lesions were ovoid or perpendicular to the ventricles, and showed less spinal cord involvement than the AQP4-Abs group.
Recent studies have emphasised an association between MOG-Abs and ON, as we observed in our patients: Nakajima et al. 30 found eight patients positive for MOG-Abs in a group of 29 patients affected by idiopathic ON: they observed high intensities on T2 of the optic nerve in 7/8 patients, cerebellar high intensities in 2/8 patients and spinal cord lesions in 1/8 patients, but with no description of the type of brain lesions nor of the interested spinal cord segment. They concluded that myelitis was not frequent in this group of MOG-Abs-positive patients, and supposed instead that the optic nerve is the main target involved in the immune attack of these Abs, resulting in optic nerve swelling and optic pain. Tsuburaya et al. 31 described the case of a seven-year-old Japanese boy with recurrent ON, who was found positive to MOG Abs, with a history of recurrent ON: his MRI at the first episode showed hyperintensity of the right optic nerve on STIR sequence, the MRI at the second episode showed a well-defined hyperintense plaque in the right frontal subcortical white matter on T2-weighted images and his MRI at the third episode showed diffuse hyperintense lesions in the right mesencephalic tegmentum. Adachi et al. 32 described another case of a recurrent ON associated with positivity of MOG Abs in a 24-year-old Japanese woman, with a brain MRI showing T2 high-intensity areas in the left external and extreme capsule and precentral white matter with partial contrast enhancement, as well as pontine base, left cerebral peduncle, right medial thalamus T2 hyperintensities with contrast enhancement. In a group of eight MOG-Abs-positive patients with recurrent ON, 20 brain and orbital MRI was normal except for optic nerve enhancement in two patients.
The presence of MOG Abs was also found in a case of a 37-year-old woman affected by multiphasic ADEM and ON; 33 her MRI showed swelling of the whole right optic nerve with strong gadolinium enhancement and hyperintense lesions in the right pallidum, the right posterior limb of the internal capsule and the left thalamus.
From the analysis of the data reported in the literature we can see that MOG-Abs are associated with different clinical syndromes and broad spectrum of radiological aspects, without consensus about pathognomonic imaging aspects related to these Abs. Our series reflects the literature only for the variety of lesion morphology, and partially matched with the findings reported by Yan et al. 15 for the prevalence of MS-like lesions, but it differs from the data published so far, since we did not observe the reported high frequency of longitudinally extensive transverse myelitis (up to 100% of patients) 14, 15 or ADEM-like lesions, 12 nor the high frequency of lesions of the grey deep nuclei 12, 14 or optic nerve swelling 30 and conus involvement in spinal MRI. 26, 34 Moreover we observed brain lesions in 100% of our patients unlike other studies 13, 14 in which brain alterations were present in the minority of patients.
As regards our case of the double Abs positivity, we know that there are different assays to analyse the presence of MOG-Abs in the serum 35 and Weinshenker and Wingerchuk 36 suggested that the difference in methodology can create discrepancy in the detection of these Abs; however, Ketzuka et al. 37 described first that six (26%) of 23 patients with ON, tested with ELISA, were seropositive for both NMO-Abs and MOG-Abs, then they confirmed the coexistence of MOG and AQP4-Abs in two patients with NMO tested with cell-based assay using full-length human MOG cDNA-expressing HEK cells. 38 Their results suggest that MOG and AQP4-Abs do exist in patients affected by NMO, regardless of the methodology of anti-MOG Abs detection. Moreover, Yan et al., 15 in their series of patients affected by NMOSD, identified 14 double positive to MOG and AQP4-Abs patients, detected by fluorescence-activated cell sorting (FACS) analysis, with clinical characteristics, imaging findings and outcome different from patients with only MOG-Abs positivity and from patients with AQP4-Abs positivity.
Concerning imaging follow-up, we found few studies describing this aspect. Kitley et al. 12 described followup MRIs at about seven months after the onset in six MOG-Abs-positive patients: 5/6 examinations showed complete resolution of all abnormalities, the only patient with residual signal change performed followup imaging at three months. By contrast, follow-up MRI in four AQP4-Abs-positive patients showed persistence of brain abnormalities.
In our group follow-up imaging was executed at three months and only 1/8 patient performed a second examination at six months; in no case did we observe complete resolution of MRI abnormalities. We need a further follow-up after a greater period of time to check eventual late resolution of the lesions.
Ho¨ftberger et al. 16 described follow-up imaging of seven MOG-Abs-positive patients, showing complete resolution in five cases and reduction in two cases of the spinal lesions, without mentioning the timing; in our group, we observed stability/mild reduction of spinal lesions, but no case of complete resolution.
The case reported by Adachi et al. 32 showed a reduction of brain abnormalities and disappearance of contrast enhancement in follow-up MRI performed after treatment, and this is like the behaviour of the lesions in one of our patient (Figures 9 and 10) . Regarding visual outcome of our patients, all of them have shown good response to steroid treatment with resolution of the visual deficit and this finding is in line with the outcome of the series of patients analysed by Kitely et al. 11 that showed excellent recovery, by Sato et al. 13 with good recovery in 88% of cases, but in contrast with the results of Kezuka et al. 37 who observed no improvement of visual acuity. Sato et al., 13 Pro¨bstel et al. 14 and Ho¨ftberger et al. 16 noted that patients with MOG-Abs seem to have a better outcome than those with AQP4, with a residual minimal acute impairment. A longer follow-up is needed to establish the potential of MOG-Abs as a prognostic biomarker. This is a preliminary study and our analysis is limited by the small group of patients and by the short follow-up, but up to now the published papers on MOG-Abs include restricted numbers of patients and case reports.
Conclusions
The clinical significance of MOG-Abs for diagnosis, treatment and prognosis has not been fully established. The radiological findings associated with these Abs are very different among patients and studies. We are only beginning to understand the diverse clinical and radiological manifestations of the disease. Further analyses and longer follow-ups are needed.
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